An integrated realization of photonic entangled states becomes an inevitable tendency toward integrated quantum optics. Here we report the compact engineering of steerable photonic path-entangled states from a monolithic quadratic nonlinear photonic crystal. The crystal acts as a coherent beam splitter to distribute photons into designed spatial modes, producing the heralded single-photon and appealing beamlike two-photon path entanglement. We characterize the path entanglement by implementing quantum spatial beating experiments. Such a multifunctional entangled source can be further extended to the high-dimensional fashion and multiphoton level, which paves a desirable way to engineering miniaturized quantum light sources. DOI: 10.1103/PhysRevLett.111.023603 PACS numbers: 42.50.Dv, 42.50.St, 42.65.Lm, 77.84.Ek Nowadays a consequent tendency toward practical quantum information processing is to manipulate photons including entangled photons on a monoplatform like an integrated waveguide chip [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . However, most of the optical chips require external quantum light sources, which are usually bulky and involved with a lot of optical elements; thereby, as a further step toward integrated quantum optics, it is necessary to miniaturize the external light sources for improving their performance like multifunction, stability, and portability. A solid strategy for achieving integrated multifunctional quantum light sources turns to the traditional nonlinear optical crystals especially the domain-engineered quadratic nonlinear photonic crystals (NPC) [12, 13] . By the domain-engineering technique, the spatial and temporal properties of entangled photons can be controlled inherently during the quasi-phase-matching (QPM) spontaneous parametric down-conversion (SPDC) processes [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , resulting in the generation of new types of photonic entanglement.
Nowadays a consequent tendency toward practical quantum information processing is to manipulate photons including entangled photons on a monoplatform like an integrated waveguide chip [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . However, most of the optical chips require external quantum light sources, which are usually bulky and involved with a lot of optical elements; thereby, as a further step toward integrated quantum optics, it is necessary to miniaturize the external light sources for improving their performance like multifunction, stability, and portability. A solid strategy for achieving integrated multifunctional quantum light sources turns to the traditional nonlinear optical crystals especially the domain-engineered quadratic nonlinear photonic crystals (NPC) [12, 13] . By the domain-engineering technique, the spatial and temporal properties of entangled photons can be controlled inherently during the quasi-phase-matching (QPM) spontaneous parametric down-conversion (SPDC) processes [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , resulting in the generation of new types of photonic entanglement.
In this work, we mainly concentrate on the integrated engineering of single-photon and two-photon pathentangled states. The path entanglement is a valuable resource which applies the spatial mode to encode information, and has been harnessed for a variety of applications, such as quantum precise phase measurement [24, 25] and super-resolution quantum lithography [26, 27] . Even for the simple single-photon path entanglement [28] [29] [30] [31] , people also find interesting applications in quantum teleportation [32] and quantum networks [33] . However, for achieving path entanglement, extra endeavors should be paid after the entangled photons are generated from the nonlinear crystal. For example, a two-photon NOON state, i.e. a two-photon maximally path-entangled state ðj2; 0i þ j0; 2iÞ= ffiffiffi 2 p , which can be usually generated by Hong-Ou-Mandel interference [1, 34, 35] , requires a beam splitter to cascade after the crystal and hold on at a balanced position; therefore, integrated realization of such states is of essential importance.
Here we experimentally demonstrate the direct generation of single-and two-photon path-entangled sources from a monolithic domain-engineered NPC. Resulting from the concurrent multiple QPM SPDC processes, versatile spatial forms of down-converted beams are achieved and different types of photonic path-entangled states can be generated and transformed inside the same crystal wafer. Specifically, the heralded single-photon path entanglement can be steered into the beamlike two-photon path entanglement. We further demonstrate the valuable extension of such path-entangled states to the high-dimensional entanglement. These results present unique advantages of such monolithic domain-engineered crystals in the engineering of novel integrated quantum light sources, which are geared to integrated quantum optics.
Experimentally, a hexagonally poled lithium tantalate (HPLT) crystal is designed for the engineering of integrated path-entangled photon source. Figure 1(a) shows the micrograph of the etched congruent HPLT with the poling period a ¼ 7:507 m, the crystal length L ¼ 18 mm and a reversal factor of r=a $ 28% (r is the radius of round domain-inverted area), which is qualified for the efficient generation of degenerate 1064 nm photon pairs when the pump laser of 532 nm propagates along the y axis under a polarization configuration of e ! e þ e. The quadratic nonlinear coefficient of our crystal can be expressed as Fourier series of ð2Þ ðrÞ ¼ d 33 P m;n f m;n e iG m;n Ár corresponding to a reciprocal lattice with sixfold symmetry as sketched in Fig. 1(b) . Multiple reciprocal vectorsG m;n (m, n are integers) can ensure multiple QPM geometries for the entangled photons generation. In this work, we mainly focus onG 1;0 andG 0;1 , which have equal Fourier coefficients f 1;0 ¼ f 0;1 ¼ 0:32 [12] . The involved pair of QPM geometries followk p ÀG 1;0 Àk s Àk i ¼ 0 andk p À G 0;1 Àk s Àk i ¼ 0, whereink p ,k s , andk i are the wave vectors of the pump, signal, and idler photons, respectively. Generally, the photon pair will emit as either one of conical beams with principle axis alongk p ÀG 1;0 ork p ÀG 0;1 . Here only two types of concurrent processes are of our interest, which are depicted in Figs. 1(c) and 1(d) , indicating the direct generation of single-photon and two-photon path-entangled states, respectively. In Fig. 1(c) , two SPDC processes share the same idler mode which propagates collinearly with the pump, thereby, the corresponding signal photon belongs to either mode 1 (s 1 ) or mode 2 (s 2 ). Figure 1(d) shows the other case. Notably, in this case the photon pair emit together into beamlike modes which are desirable for the high-efficiency collection and high degree of path entanglement since j1; 1i term in this sample is prohibited by the QPM rule.
Under the first-order perturbation approximation [36] , the two-photon state from concurrent two SPDC processes can be written as
in which É 0 is a normalization constant, and the subscripts represent two different QPM processes. The two-photon mode functions of two processes take the same form
is the length of the crystal, Ák y is the phase mismatching in the longitudinal direction. Here, for a focused pump with 60 m beam size, the longitudinal phase-matching condition takes the dominant role in the two-photon mode function, so we omit the transverse phase-matching part.
For the single-photon path entanglement indicated in Fig. 1(c) , we can take a partial trace of ¼ jc ihc j [37] , which is the density matrix operator of two-photon state, and write the density matrix of the signal aŝ
in which we introduced a detuning frequency v. The longitudinal phase mismatching in ðvÞ can be written as
is group velocity of signal and 1 ¼ 2:192 is the angle between the wave vectors of signal and pump in the crystal. The bandwidth (FWHM) of signal photons is calculated to be 35.4 nm. Taking singlefrequency approximation which can be guaranteed by narrowband interference filters, we can simplify Eq. (2) into
which is a single-photon path-entangled state. For the two-photon path entanglement indicated in Fig. 1(d) , we can deduce the two-photon state to be
In this case the phase mismatching is Ák y ¼ Àv 
which is a two-photon NOON state. which is equivalent to combining two single-photon or two-photon modes by a beam splitter but more stable since it is an integrated photonic setup.
At 154:6 C, as shown in Fig. 2 (b) the photon pair emit into either one of two tangent cones, resulting in the heralded single-photon path entanglement. Theoretically, when two coherent signal modes with wavelength intersect at an angle of 2, the spatial beating fringes will appear as
=ð2 sinÞ :
Figure 3(a) shows the experimental setup. The coherent signal modes are picked out by two slits and intersect at an angle of 2 ¼ 10:4 mrad. Their beating fringes are recorded by a CCD camera which is sensitive to a few photons. In Figs. 3(b) and 3(c) we show the interference fringe when two optical paths are precisely controlled to be equal. The experimental data (blue dots) are fitted with a sinusoidal curve weighed by a Gaussian profile. The fitted curve shows a period of 104:4 m, which agrees with the calculated value. The fringe visibility is 70.9%, which confirms that the two modes sketched in Fig. 1(c) are generated in a coherent way. The coherence is due to the indistinguishability of their idler modes. The coherence length, which is estimated by recording the relationship between the fringe visibility and the path difference as shown in Fig. 3(d) , is measured to be 23:5 m (the visibility drops to 1=e), which fits well with theoretical value of 22:6 m deduced from the theoretical single-photon bandwidth after taking the interference filter's (IF) transmission profile into account. When tuning the temperature away from 154:6 C, two signal modes will share less of the idler mode and tend to be incoherent. At 143 C, we find that the fringe visibility decreases to less than 30% under balanced path lengths of two modes.
As shown in Fig. 2(d) , when the crystal is controlled at 172:3 C, the photon pair will emit into either one of the bright well-defined beamlike spots, resulting in the twophoton path entanglement. Theoretically, the two-photon spatial correlation is proportional to R c:c: / 1 þ cos 2x =ð4 sinÞ
when two two-photon modes intersect at an angle of 2. Two-photon beating fringes should present the period half of the single-photon case with the same wavelength. well with Eq. (7) when 2 ¼ 10:9 mrad. The equivalent wavelength is reduced to =2 ¼ 532 nm. The visibility of interference fringe is 68:2 AE 1:8%, and it reaches 82:4 AE 1:8% when accidental coincidence counts are excluded from the raw data; therefore, the two-photon modes are coherently superposed. The nonideal visibility is caused by the nonperfect mode overlapping as well as the 1:2 intensity imbalance between the two modes since they go through different optical elements before the interaction. The intensity imbalance is valued through two-photon coincidence measurement for each mode by blocking the other one. Furthermore, to examine the two-photon coherence length which is theoretically determined by the pump, we increase the path difference by 1 mm which is much larger than the single photon coherence length of 113 m (estimated by the 10 nm-bandwidth of IF) to find that the two-photon beating fringe [ Fig. 4(c) ] keeps almost the same visibility as in Fig. 4(b) . For each beamlike mode, the conversion efficiency is $4:8 Â 10 À10 when the pump power is 14 mW.
The spatial form of the down converted beams from the crystal is revealed to be controllable and versatile which exhibits the morphing behavior from two symmetric conical beams into two beamlike spots, resulting in the direct generation and easy switch of two types of path entanglement. It is worth noting that the spatial forms of photon pairs in Fig. 2 seem to be similar to those from some type-II birefringence-phase-matching (BPM) SPDC processes [38] [39] [40] ; however, there exist intrinsic differences. The photon pair always emit into the same cone or beamlike spot in this work, while for BPM type-II cases the signal and idler photons usually emit into different ones. It is worth emphasizing that a recent work aiming to engineer the two-photon NOON state has just been published [18] . The results are similar to the two-photon case in this work; however, because of the parasitical SPDC process participated by the collinear reciprocal vector there exists an unwanted contribution of j1; 1i which causes some limitations.
Considering the state-of-the-art domain-engineered technique, such compact path-entangled states can be extended into the high-dimensional fashion and multiphoton level [17] . Figure 5 shows our experimental results in the realization of heralded single-photon high-dimensional path entanglement. Figure 5(a) is the spatial form of photon pairs generated from a single lithium niobate crystal wafer with cascaded tetragonally and hexagonally poled blocks. Each block can emit a heralded single-photon twomode entangled state as Eq. (3). Since four concurrent SPDC processes share the same idler mode, the signal photon can emit into any one of modes 1, 2, 3, and 4 coherently as shown in Fig. 5(b) . The single-photon multipartite entanglement can be written as jc i ¼ ðj1000i þ j0100iÞ þ e i' ðj0010i þ j0001iÞ: (8) and are decided by the SPDC efficiencies from each block. ' has a fixed value which relates with the length of each block and the interval between two blocks [41] . Following such a principle, the single-photon N-dimensional (N ! 5) multipartite entanglement can further be approached. In addition, other degrees of freedom like polarization, orbital angular momentum, and frequency can also be manipulated inside the same crystal chip, which will result in new types of compact photonic entanglement like hyperentanglement over several degrees of freedom. The integrated and miniaturized quantum light sources based on concurrent multiple QPM processes will act as a key element in exploring the knowledge boundaries of quantum mechanics and prompting the developments of practical quantum technologies.
